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Initialization of Nuclei using Monte Carlo Sampling

Monte-Carlo sampling of Woods-Saxon
distribution for nucleons.

LEXUS (Linear EXtrapolation of
Ultrarelativistic nucleon-nucleon Scattering
to nucleus-nucleus collisions) initial state.

LEXUS was formulated in momentum
space, but information on coordinate space
need to be specified.

(LEXUS) Jeon and Kapusta (1997)
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Initial State Model

An approach to describe energetic nucleus-nucleus collisions as a sequence of binary
nucleon-nucleon collisions.

All information comes from simple parametrizations of nucleon-nucleon collision data.

Energy lost in a collision is sampled from the distribution:

P(yloss) = cosh(2yrest-frame−yloss )
sinh(2yrest-frame)−sinh(yrest-frame)

yrest-frame is the absolute value of the incoming nucleons’ rapidity in the pair rest frame and
rapidity loss is yloss.

Particles are produced with a Gaussian distribution with width given by ln(
√
s

2mN
).

After their final collisions, baryons are propagated by a fixed time 0.5 fm/c in their own rest
frame and inputted as a source in the baryon current.
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Woods Saxon parametrization

Nuclear deformation is described by a deformed Woods-Saxon form.

ρ (r , θ, φ) =
ρ0

1 + e [r−R(θ,φ)]/a0

R (θ, φ) = R0 (1 + β2Y
0
2 + β3Y

0
3 )

β parameters are the following with the references.

β2 β3

Ru 0.154 0
Zr 0.062 0.235

B. Pritychenko, M. Birch, B. Singh, and M. Horoi, “Tables of E2 Transition Probabilities
from the first 2+ States in Even-Even Nuclei,” Atom. Data Nucl. Data Tabl. 107, 1–139
(2016), [Erratum: Atom.Data Nucl.Data Tabl. 114, 371–374 (2017)].

T Kibedi and R.H. Spear,“reduced electric-octupole transition probabilities, B(E3;0+1 ⇒
3-1) an update,” Atom. Data Nucl. Data Tabl. 80, 35–82 (2002).
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εn Calculation

The initial stage energy anisotropies are characterized by εn.

εn =

√
〈rn cos(nφ)〉2 + 〈rn sin(nφ)〉2

〈rn〉

Averaged quantities are the energy density weighted averages over the transverse plane.

〈A〉 =

∫
dx2 A ε(x)∫
dx2 ε(x)

Spatial anisotropies will act as a proxy for the momentum anisotropies.
And vn ∼ εn
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ε2 for 106 events and v2
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p

sNN = 200 GeV as a
function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC
n )i . (43)

(STAR) Abdallah et al (2021)
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ε3 for 106 events and v3
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FIG. 10. (Left) Elliptic and triangular anisotropies measured for the two systems using the combination of TPC and EPDs.
The boxes represent systematic uncertainties and the lines represent statistical errors. (Right) Compilation of v3 using di↵erent
methods and cuts on pseudorapidity separation. Results are shown for individual systems in open symbols for Zr+Zr and solid
symbols for Ru+Ru. Results are also shown for the ratio of Ru+Ru to Zr+Zr in open symbols. The centrality bins are shifted
horizontally for clarity.

The upper and middle panels of Fig. 10 show the centrality dependence of v2 and v3, respectively, with the
two aforementioned approaches. The measurements of these flow harmonics using only TPC and TPC-EPD are
noticeably di↵erent, especially in peripheral events for v2, and in mid-central and peripheral collisions for v3. A
possible explanation for such an observation could be the pseudorapidity dependence of non-flow, de-correlation and
flow fluctuations [133, 135]. Owing to low multiplicity and poor resolution of the third-order EP, EPDs do not allow for
the v3 measurements beyond 60-70% centrality. A compilation of v3 results is shown in Fig. 10 (right) to demonstrate
the e↵ect of pseudorapdity separation between POI and EP (or between two POIs).

The lower panel presents ratios of the flow harmonics for Ru+Ru over Zr+Zr collisions, with a few interesting
features. First, the v2 ratio in the most central events (0�5%) is larger than unity with high significance. As mentioned
before, e↵ects due to nuclear deformation can lead to the di↵erence in the shape even in fully-overlapping collisions,
which needs to be confirmed by future studies. Above-unity v2 ratios are also observed in mid-central collisions.
This is consistent with the expectation of the eccentricity ratios from nuclear density distributions calculated by
DFT [85, 86]. Second, the v3 ratio is significantly below unity in central events, which is counter intuitive, as v3 is
supposed to be driven by fluctuations in central collisions. Third, the v3 ratio significantly deviates from unity in
peripheral events, and this deviation has a dependence on pseudorapidity separation between POI and EP. Thus, we
need a better understanding of the possible di↵erences in the nuclear structure and the deformity of the isobars, when
comparing the two systems at the same centrality. Further exploration along this direction is beyond the scope of
this paper which is primarily focused on the CME blind analysis. These vn measurements do have implications on
the background contribution to CME that is relevant in the scaled charge separation variables.

We perform the measurement of charge separation using the full TPC acceptance (|⌘| < 1) in the following way

�↵,�
112 (⌘↵, ⌘�)(|⌘|<1) ⌘

D
cos

⇣
�↵(⌘↵) + ��(⌘�) � 2 

|⌘|<1
2

⌘E
=

hcos (�↵(⌘↵) + ��(⌘�) � 2�c)i
v2,c{2} . (47)

The indices “↵,�, c” denote three distinctly di↵erent particles. The subscripts “↵,�” denote particle pairs with same
(SS) or opposite (OS) sign of electric charges. We use the charge-inclusive reference particle ‘c’ as a proxy for the
elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient of the
reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).

(STAR) Abdallah et al (2021)
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ε2 ratio for 106 events
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p

sNN = 200 GeV as a
function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC
n )i . (43)

(STAR) Abdallah et al (2021)
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ε3 ratio for 106 events
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FIG. 10. (Left) Elliptic and triangular anisotropies measured for the two systems using the combination of TPC and EPDs.
The boxes represent systematic uncertainties and the lines represent statistical errors. (Right) Compilation of v3 using di↵erent
methods and cuts on pseudorapidity separation. Results are shown for individual systems in open symbols for Zr+Zr and solid
symbols for Ru+Ru. Results are also shown for the ratio of Ru+Ru to Zr+Zr in open symbols. The centrality bins are shifted
horizontally for clarity.

The upper and middle panels of Fig. 10 show the centrality dependence of v2 and v3, respectively, with the
two aforementioned approaches. The measurements of these flow harmonics using only TPC and TPC-EPD are
noticeably di↵erent, especially in peripheral events for v2, and in mid-central and peripheral collisions for v3. A
possible explanation for such an observation could be the pseudorapidity dependence of non-flow, de-correlation and
flow fluctuations [133, 135]. Owing to low multiplicity and poor resolution of the third-order EP, EPDs do not allow for
the v3 measurements beyond 60-70% centrality. A compilation of v3 results is shown in Fig. 10 (right) to demonstrate
the e↵ect of pseudorapdity separation between POI and EP (or between two POIs).

The lower panel presents ratios of the flow harmonics for Ru+Ru over Zr+Zr collisions, with a few interesting
features. First, the v2 ratio in the most central events (0�5%) is larger than unity with high significance. As mentioned
before, e↵ects due to nuclear deformation can lead to the di↵erence in the shape even in fully-overlapping collisions,
which needs to be confirmed by future studies. Above-unity v2 ratios are also observed in mid-central collisions.
This is consistent with the expectation of the eccentricity ratios from nuclear density distributions calculated by
DFT [85, 86]. Second, the v3 ratio is significantly below unity in central events, which is counter intuitive, as v3 is
supposed to be driven by fluctuations in central collisions. Third, the v3 ratio significantly deviates from unity in
peripheral events, and this deviation has a dependence on pseudorapidity separation between POI and EP. Thus, we
need a better understanding of the possible di↵erences in the nuclear structure and the deformity of the isobars, when
comparing the two systems at the same centrality. Further exploration along this direction is beyond the scope of
this paper which is primarily focused on the CME blind analysis. These vn measurements do have implications on
the background contribution to CME that is relevant in the scaled charge separation variables.

We perform the measurement of charge separation using the full TPC acceptance (|⌘| < 1) in the following way

�↵,�
112 (⌘↵, ⌘�)(|⌘|<1) ⌘

D
cos

⇣
�↵(⌘↵) + ��(⌘�) � 2 

|⌘|<1
2

⌘E
=

hcos (�↵(⌘↵) + ��(⌘�) � 2�c)i
v2,c{2} . (47)

The indices “↵,�, c” denote three distinctly di↵erent particles. The subscripts “↵,�” denote particle pairs with same
(SS) or opposite (OS) sign of electric charges. We use the charge-inclusive reference particle ‘c’ as a proxy for the
elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient of the
reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).

(STAR) Abdallah et al (2021)
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Conclusions

We have proposed a new LEXUS inspired initial state model. Investigation of this initial
state with quadrupole and octupole deformations.

We get a qualitative match for ε2, ε3 ratios with STAR (v2 and v3 ratios) data.

At low centralities, we expect significant differences in these ratios from v2 and v3 ratios
respectively because of thermal fluctuations.

Final goal of this project is to run the initial state through hydrodynamics.

Thank You for Listening!
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ε2 ratio for 106 events
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ε3 ratio for 106 events
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